Novel Pr2-xSrxNi1-xCoxO4±δ (x = 0.25; 0.5; 0.75) oxides with the tetragonal K2NiF4-type structure have been prepared. Roomtemperature neutron powder diffraction (NPD) study of x=0.25 and 0.75 phases together with iodometric titration results have shown the formation of hyperstoichiometric oxide for x=0.25 (δ=0.09(2)) and a stoichiometric one for x=0.75. Hightemperature X-ray powder diffraction (HT XRPD) showed substantial anisotropy of the thermal expansion coefficient (TEC) along the a-and c-axis of the crystal structure, which increases with increasing the Co content from TEC(с)/TEC(a)=2.4 (x=0.25) to 4.3 (x=0.75). High-temperature NPD (HT NPD) study of the x=0.75 sample reveals that a very high expansion of the axial (Ni/Co)-O bonds (75.7 ppm K -1 in comparison with 9.1 ppm K -1 for equatorial one) is responsible for such behaviour and is caused by a temperature-induced transition between low-and high-spin states of Co
Introduction
Layered nickelates R 2 NiO 4+δ (R = La, Pr, Nd) have been considered as promising cathode materials for the intermediate temperature o C) solid oxide fuel cells (IT-SOFC) due to high electrical conductivity, fast oxygen diffusion and thermal expansion coefficient (TEC) compatible with typical SOFC electrolytes. 1 The crystal structure of these nickelates belongs to K 2 NiF 4 -type and consists of the alternate rock-salt and perovskite slabs ( Fig. 1 ). Due to a size mismatch between metal-oxygen distances of Ni 2+ and rare earth cations, the NiO 6 octahedra tilt, which results in a lowering of the crystal structure symmetry from tetragonal (ideal K 2 NiF 4 -type structure) to orthorhombic. 2, 3 Incorporation of extra oxygen atoms (δ), occupying the tetrahedral voids in the rocksalt slab ( Fig. 1 ) reduces this mismatch due to a decrease of the nickel ionic radius caused by partial oxidation of Ni 2+ to Ni 3+ . [4] [5] [6] The amount of hyperstoichiometric oxygen δ depends on the rare-earth cation (R). The smaller the radius of the R cations, the higher the oxygen content (R=La, δ =0.16 7 ; R=Pr, Nd, δ=0.21-0.23 5, 6, 8 for phases synthesized at the same conditions. The hyperstoichiometric oxygen atoms can diffuse by an interstitial mechanism within the rock-salt slab of the K 2 NiF 4 -type structure involving as well apical oxygen atoms. 9 This results in higher oxygen diffusion in rare-earth nickelates R 2 NiO 4+δ (R = La, Pr, Nd) in comparison with traditional IT-SOFC cathode material like (La,Sr)(Co,Fe)O 3-δ (LSFC), with the perovskite structure. The highest oxygen diffusion (D*=2. 12 , and from 0.8 to 1.0 for Sm. 7 The increase of Sr content is accompanied by a decrease of the hyperstoichiometric oxygen content giving rise to oxygen-deficient phases. The range of x in which δ is negative is not well defined and varies depending upon the synthesis conditions. 8, 13, 14 The TEC drastically increases with increasing of Sr-content up to 16 ppm K -1 for LaSrNiO 4+δ . 15 Meanwhile, high-temperature electrical conductivity increases reaching 273 S/cm at 600 о С for x=0.75. A similar trend is observed for Pr 2-x Sr x NiO 4+δ , where the conductivity is higher than 100 S/cm for the substituted phases (x≥0.5). 16, 17 The oxygen diffusion coefficient D* is the highest for unsubstituted La 2 NiO 4+δ and decreases with increasing the Sr-content. 18, 19 However, recently an increase of D* has been observed for compositions with high amount of Sr (x=0.8). Phase purity of the compounds was checked by X-ray powder diffraction (XRPD) recorded on Huber G670 Guinier diffractometer (CuK α1 radiation, image foil detector). Hightemperature X-ray powder diffraction (HT XRPD) data in air were collected by Bruker D8-Advance diffractometer (CuK α1 radiation, LynxEye PSD) in reflection mode equipped with hightemperature camera XRK-900 (Anton Paar). Unit cell parameters were refined by Rietveld method using TOPAS-3 program package. Oxygen content of the single-phase samples was determined by iodometric titration. The thermal expansion behaviour of the samples was monitored by Netzsch 402C dilatometer in air at o C with the heating rate of 10 K/min. TG studies were performed in artificial air (20% O 2 (g), 80% Ar(g)) from 25 to 900 o C with a heating rate of 10K/min by Netzsch STA 449C thermoanalyser. High-temperature electrical conductivity of ceramic samples was measured in air by a standard 4-probe method in the temperature range of 25-900 o C. The samples had the shape of a disk with ∼16-18 mm diameter and 1-2 mm thickness. The contacts were made from platinum wire (d∼0.2 mm) placed in alumina tube and were pressed independently to the surface of the sample by the separate individual springs situated at the top of the quartz sample holder kept at room temperature. The contacts were arranged in a line with 5-6 mm spacing between them. The influence of undesirable thermoelectric power was omitted by subtracting two successive voltage values on the potential contacts (the inner pair) measured at opposite current directions. The resulting resistivity value was recalculated into specific resistance using the approach developed in ref. 20 Neutron powder diffraction data were collected using the POLARIS diffractometer at the ISIS pulsed spallation neutron source, Rutherford Appleton Laboratory, UK. Approximately 3g of sample were loaded into a thin-walled cylindrical vanadium can and mounted in an automatic sample changer. Prior to analysis, the data were normalized using an incoherent scattering pattern from a vanadium sample. Structural models were tested by refinement of the neutron diffraction data using GSAS program package. 21 High-temperature neutron diffraction (HT NPD) data were collected using high-resolution Fourier powder diffractometer (HRFD) 22 at IBR-2 pulsed reactor in Dubna (Russia). Rietveld analysis of the data was performed using MRIA program package. 23 Data were collected at room temperature and at 100-500 o C in air with a step 100 o C.
High-temperature magnetic susceptibility measurements were performed on pressed pellets of Pr 2-x Sr x Ni 1-x Co x O 4±δ (x = 0.0, 0.25; 0.5; 0.75) in the temperature range 10−800 K in applied magnetic fields up to 8 T using Quantum Design PPMS equipped with a vibrating sample magnetometer (VSM) option Please do not adjust margins Please do not adjust margins and oven setup. The measurements above 400 K were performed in high vacuum under constant gas pressure of 10
torr. The samples were stable under these conditions, as confirmed by the excellent reproducibility of the data obtained during heating and cooling sweeps. Crystal structures of the x=0.25 and 0.75 phases were refined using neutron powder diffraction data collected at room temperature. No reflection splitting was observed in both diffraction patterns, thus confirming the tetragonal crystal structure with S.G. I4/mmm. Reflections from admixtures of CoO and NiO were observed in NPD patterns of both compounds. However, their refined content was too small to have significant influence on the structure refinement. The refined weight fractions of NiO and CoO in the x=0.25 sample were 0.0090(2) and 0.0035(5), and for x=0.75 -0.0029(2) and 0.0033(6), respectively. Observed, calculated, and difference NPD patterns for the x=0.25 sample are given on Fig. S1 . Crystal structure refinement for the x=0.25 phase shows the presence of additional oxygen atoms positioned in the tetrahedral voids within the rock-salt slab (site O3 at 4d (0, ½, ¼), Fig. 1 ). The oxygen content of the x=0.25 phase calculated from the refined occupancy of this oxygen position (Table S1) Table  S2 . Anisotropic atomic displacement parameters (ADP) for all atoms, except for O3, were used for the refinement of the crystal structures. Atomic displacement ellipsoids in the crystal structure of the x=0.25 phase are shown in Fig. S2 . Substantial anisotropy of the oxygen atoms ADPs was observed in the crystal structure of the x=0.25 phase. U 33 for the equatorial oxygen atom O1 and U 11 for the axial oxygen atom O2 are several times higher in comparison with those in the x=0.75 phase (Table S1 ). The most plausible explanation for such behaviour is the influence of the additional oxygen atom in the O3 position of the crystal structure for x=0.25.
Results and discussion

High-temperature thermal expansion behaviour
The high-temperature thermal expansion behaviour of the prepared phases was studied by both dilatometry and HT XRPD. Dilatometric curves for the x=0.25, 0.5, 0.75 and 1.0 ceramic samples in air are shown in Fig. 2 . All samples expand non-linearly with an accelerated expansion above ∼550 o С. It should be mentioned that the corresponding TG-curves showed very little or no weight loss. Therefore, the observed non-linearity cannot be driven by the variation of the oxygen content with temperature (chemical expansion).
Large discrepancy between the values of TEC calculated from dilatometry data and from HT XRPD is observed for studied compounds (Table 2 ). This is especially the case for compositions with x≥0.5 containing large amounts of Co. The difference between the TEC values determined by dilatometry and HT HRPD approaches ∼60% for the x=0.75 sample. Such situation is very similar to what was observed and discussed in ref. 25 , where the discrepancy was attributed to the large anisotropy of the thermal expansion along the a-and c-axes of the crystal structure. In this case large thermal stress of the ceramic sample is relaxed by the presence of internal micro cracks. 
High-temperature crystal structure and magnetic properties
In order to obtain accurate values of the A-and B-O interatomic distances at various temperatures, HT NPD data were collected using the HRFD diffractometer for the x=0.75 phase. Temperature dependence of the normalized unit cell parameters derived from HT NPD data is presented in Fig. 3 . Linear temperature dependence of the a-parameter is observed in the whole studied temperature range, while the cparameter shows non-linear dependence with much higher expansion rate. The expansion of (Ni/Co)-O2 and (Pr/Sr)-O2 bonds gives the highest contribution to the thermal expansion along the caxis (Fig. 1) . The temperature dependence of the (Ni/Co)-O2 interatomic distances is shown in Fig. 4a . TEC calculated for the expansion of axial (Ni/Co)-O2 bonds in studied temperature range is 75.7 ppm K -1 , while it is 9.1 ppm K-1 for the equatorial (Ni/Co)-O1 one. Therefore, a major contribution to the large expansion along the c-axis in the x=0.75 phase is given by the expansion of the axial (Ni/Co)-O2 bond, whereas nearly no change of the (Pr/Sr)-O2 bond with temperature is observed (Fig. 4b ). This situation is very similar to previous reports for La 2- (2) . 25 It was proposed that a temperature-induced transition between low-and high-spin states of Co 3+ is responsible for such behaviour. We were able to confirm this scenario by high-temperature magnetization measurements on a series of Pr 2-x Sr x Ni 1-x Co x O 4±δ samples (Fig. 5) . All of the samples revealed paramagnetic-like behaviour with no appreciable field dependence. The linear part of the inverse susceptibility was fitted by the Curie-Weiss law χ = C/(T+θ), where C = N A µ eff 2 /3k B is the Curie constant yielding the paramagnetic effective moment µ eff , and θ is the Curie-Weiss temperature. The fitted parameters are listed in Table 3 Table 5 . These results show that the anomalously high expansion of the (Ni,Co)-O2 axial bond can be explained by a temperatureinduced transition between low-and high-spin states of Co (Fig. 6) . At the same time, the aparameter shows minimum for these compositions. Such a behaviour was also reported in the literature for the holedoped nikelates R 2-x Sr x NiO 4±δ , R=La, Pr and Nd and can be explained by the transformation from t 2g 6 (z 2 ) 1 to t 2g 6 (x 2 -y 2 )
1 electron configuration of Ni 3+ . For further studies we selected Pr High-temperature electrical conductivity measurements were performed in air at o C (Fig. 7) . The data were satisfactorily fitted by Arrhenius-like law modified for small polarons hopping:
, where T is the absolute temperature, k -Boltzmann's constant, А -a pre-exponential factor, E a -the activation energy. Values of E a are given in Table 5 together with electrical conductivity values at 700 о С and 900 о С. Owing to the substantially different porosity of the samples (Table 5) , we recalculated electrical conductivity values taking the porosity into account using the formula from ref. 33 :
where p is the porosity and σ exp and σ cor are the electrical conductivities measured experimentally and corrected for porosity, respectively. An increase in the electrical conductivity with Sr-doping is observed for the samples with a highest conductivity at around 300 S/cm at 700 o C for the y=0.4
sample. An increase in the electrical conductivity with Srcontent was also observed for Pr 2-x 
